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Abstract. The Amazon basin is likely to be increasingly
affected by environmental changes: higher temperatures,
changes in precipitation, CO2 fertilization and habitat frag-
mentation. To examine the important ecological and biogeo-
chemical consequences of these changes, we are developing
an international network, RAINFOR, which aims to monitor
forest biomass and dynamics across Amazonia in a co-ordinated
fashion in order to understand their relationship to soil and
climate. The network will focus on sample plots established
by independent researchers, some providing data extending
back several decades. We will also conduct rapid transect
studies of poorly monitored regions. Field expeditions ana-
lysed local soil and plant properties in the first phase (2001-
2002). Initial results suggest that the network has the potential
to reveal much information on the continental-scale relations
between forest and environment. The network will also serve
as a forum for discussion between researchers, with the aim of
standardising sampling techniques and methodologies that
will enable Amazonian forests to be monitored in a coherent
manner in the coming decades.
Keywords: Amazon; Basal area; Carbon; Climate; Long-term
monitoring; Permanent plot; Soil; Tropical forest.
Abbreviation: PSP = Permanent sample plot.
Introduction
The tropical forests of Amazonia constitute one of
the most important ecosystems of the Earth. They ac-
count for 45% of the world’s tropical forest, storing ca.
20% of the carbon residing in terrestrial vegetation and
annually processing about 3 ¥ as much carbon through
photosynthesis and respiration as humans release to the
atmosphere through fossil fuel combustion (Malhi et al.
1999; Malhi & Grace 2000). Amazonia also accounts for
a large portion of land surface evapotranspiration, and a
significant part of the world’s known species. Small
changes in the structure and/or function of these forests
could therefore have global consequences for biodiver-
sity, the carbon cycle and climate.
Recent research has suggested that apparently un-
disturbed tropical forests, remote from areas of defor-
estation or other significant human influences, are un-
dergoing unexpected changes. Long-term monitoring of
tropical forest plots indicates that tree populations expe-
rienced increased rates of mortality and recruitment
(‘turnover’) in the latter part of the last century (Phillips
& Gentry 1994; Phillips 1997). These plots also showed
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that the basal area and biomass of mature forests in-
creased over the same period (Phillips et al. 1998, 2002),
pointing to a sink for atmospheric CO2 in South Ameri-
can forests of 0.5 - 1 Pg C.yr–1 (1 Pg = 1015 g), equivalent
to the fossil fuel emissions of the entire European Union.
Meanwhile, researchers using micrometeorological tech-
niques and inverse modelling of atmospheric CO2 con-
centrations found that tropical ecosystems globally prob-
ably contribute a gross C sink of 0-3 Pg C.yr–1 (Bousquet
et al. 2000; Malhi & Grace 2000), while modelling and
laboratory studies imply changes in the physiology and
productivity of forests in response to global atmospheric
change (e.g. Lloyd 1999; Norby et al. 1999).
Several mechanisms have been suggested to account
for the changes in tropical forest dynamics, including
increases in atmospheric CO2 and climate change. How-
ever, there has been, to our knowledge, no attempt to
systematically collate these hypotheses and investigate
whether they account for recent changes in tropical
forest dynamics. Moreover, changes may be transient
and of an uncertain long-term direction: for example, a
recent vegetation-atmosphere simulation, using the UK
Hadley Centre GCM, predicted that the Amazon forest
increases in biomass, but would suffer large-scale dieback
later this century as drought-temperature effects become
important, leading to a rapid acceleration of global warm-
ing (Cox et al. 2000; White et al. 2000). Monitoring and
understanding what is happening on the ground in Ama-
zonian forests today is crucial, both for the future of these
forests and possibly for the global climate.
The paper describes a new attempt to obtain and
collate such ‘ground-truth’ data by utilizing long-term
permanent sample plots (PSPs) to monitor forest bio-
mass and dynamics, and relate these to soil and climate.
Many of these plots were established in the past to
investigate specific local ecological or forest manage-
ment questions. However, by compiling and comparing
these studies on a regional scale a new level of information
becomes available: information that may provide insights
into the mechanisms underlying the current responses of
Amazonian ecosystems to climate trends and the possible
future of Amazonia under global change scenarios.
The study is called the Amazonian Forest Inventory
Network (RAINFOR; Spanish ‘Red Amazónica de
Inventarios Forestales’, Portuguese ‘Rede Amazônica
de Inventarios Florestais’). It is associated with the
international Large-Scale Biosphere Atmosphere Study
in Amazonia (LBA). For details of the RAINFOR project
see http://www. geog. leeds. ac.uk/projects/rainfor/.
Field expeditions associated with RAINFOR com-
menced in 2001. Although new results are already being
found, the main purpose of this paper is to outline the
methodological issues raised in attempting to set up an
international forest plot network.
More specifically, this paper: (1) introduces the aims
of the RAINFOR network; (2) describes the environ-
ment of Amazonia; (3) discusses issues related with
protecting the rights of field data collectors; (4) outlines
the RAINFOR field sampling protocols; (5) discusses
potential methodological problems in field site selection
and field data sampling, and how these can be tested for
in field data; (6) examines approaches to quantifying the
spatial and environmental coverage of the field sites,
and (7) presents some preliminary field data.
Background: The environment of Amazonia
Climate
Amazonia is composed of a vast lowland continental
basin, slowly rising in altitude to 300 m a.s.l. at its
western fringe, surrounded to the north and south by the
crystalline shields of Guyana and Brazil, and to the west
by the Andes mountains. The region shows little varia-
tion in surface temperature, which rises above a daily
maximum of ca. 32∞C only in regions and at times
where water supply is limited. Total annual rainfall is
typically 2000 mm, but ranges between 4000 mm in the
northwest and less than 1200 mm at the savanna fringes.
The spatial variation in total annual rainfall is shown in
Fig. 1a. The data are derived from the University of East
Anglia observed climatology for the period 1960-1998
(New et al. 1999), and are available from the IPCC Data
Distribution Centre (http://ipcc-ddc.cru.uea.ac.uk/
cru_data/datadownload/download_index.html). The data
are superimposed on a map of forest cover derived from
the FAO world forest map (Anon. 2000a). The FAO
definition of forest is crown cover >10% and potential
tree height >5m.
Rainfall patterns are seasonal in the south and east
parts of the region, and here there are several months of
the year where rainfall rates drop below 100 mm /
month. Observational studies show that a wet tropical
forest transpires ca. 100 mm.mo–1 (e.g. Hodnett et al.
1996; Malhi et al. 2002), and hence can be expected to
experience water limitation effects when precipitation
drops below this threshold, which therefore can be de-
fined as an indicator of dry season conditions. The mean
length of the dry season is shown in Fig. 1b.
This description is derived from a limited precipita-
tion data set (1960-1998), and it is likely that forests
endure occasional much more severe droughts, perhaps
once a century (there is documentary evidence for such
an intense El Niño in 1925/1926). Forest structure may
reflect adaptation and response to these severe droughts.
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Fig. 1. a. Mean annual rainfall (mm) in Amazonia, 1960-1998 (data from the University of East Anglia). Only forested regions are
shown, with the map of forest cover derived from Anon. (2001). b. Mean length of dry season, 1960-1998, indicated by the number
of consecutive months with less than 100 mm rainfall. Data derived from same source. The numbered points correspond to forest plot
locations (plots shown do not exactly match all those in Table 4): 1= Los Fierros (Bo); 2=Cerro Pelao (Bo); 3= BDFFP/Bionte (Br);
4=Tapajos (Br); 5=Jari (Br); 6=Caxiuana (Br); 7=Paracou (FG); 8=St Elie(FG); 9=Nouragues (FG); 10=Tambopata (Pe);
11=Yanamono/Sucusari (Pe); 12=Allpahuayo/Mishana (Pe); 13= Cuzco Amazonica (Pe); 14=Manu (Pe); 15=Huanchaca (Bo);
16=San Carlos (Ve); 17=El Dorado (Ve); 18=Rio Grande (Ve); 19=BCI (Pa). Country codes: Bo = Bolivia, Br = Brazil, FG =
French Guyana, Pe = Peru, Ve = Venezuela, Pa = Panama.
a b
a b
Fig. 2. Variation of soil properties across Amazonia.  Data derived from the IGBP Global Soil Data Task (2000). a. Total carbon
content (kg.m–2) in the top 1 m. 1 kg.m–2 = 10 t.ha–1. b. Total available water capacity in the top 1 m (mm). In many Amazonia regions
soils data are very sparse and these maps are only approximate. Plot numbers as in Fig. 1.
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Soils
An example of the cover in terms of soil environ-
mental space is shown in Fig. 2. The data are derived
from the IGBP Global Soils Data Task (Anon. 2000b).
The two variables selected are soil carbon content (which
is strongly correlated with soil nutrient variables such as
nitrogen content), and plant available water capacity, an
indicator of the hydraulic properties of the soil (both in the
top 1 m of the soil). The carbon content is typically 10 kg
C.m–2 in most of the Amazonian lowlands, with values
slightly higher in the western Amazonian lowlands and
the highest values (> 20 kg C.m–2) in the Amazon
floodplain. Values are lower on the crystalline uplands
and lowest (< 3 kg C.m–2) in mountain regions. In terms
of hydraulic properties, wet lowland soils can typically
hold about 230 mm.m–1 of plant available water, whereas
high values tend to be found in mountain regions.
Variation in soil parent material causes important
differences in soil fertility. Within the Guyana and Bra-
zilian shields, active weathering of the crystalline base-
ment rocks results in areas with relatively high nutrient
concentrations, whereas the sedimentary lowland areas
that border the crystalline shield are derived from weath-
ered shield material, and are comparatively infertile
(Sombroek 2000). By contrast, the soils of western
Amazonia derive from the Andean Cordillera and have
higher fertility and higher ion exchange capacities. In
addition to these broad regional scale patterns, large
differences also occur within these land forms. For exam-
ple, in the Iquitos area of the Peruvian Amazon the small
hills characteristically have white, sandy soils, whereas
clay rich soils with higher nutrient concentrations are
found in the lowest sites (Vormisto et al. 2000). Varia-
tions in soil type at this 10-100 km scale are very com-
mon. The most limiting macro-nutrient in many Amazo-
nian soils is thought to be phosphorus rather than nitro-
gen, and hence the tightness of the phosphorus cycling
between vegetation and soil may be very important
(Vitousek 1984; Lloyd et al. 2000). Micronutrients such
as calcium are also likely to play an important role.
A principal aim of RAINFOR is to understand how
the productivity and dynamics of Amazonian forests are
constrained by environmental factors, by utilizing the
spatial variability of these factors. The major factors are
likely to be: (1) water – in months where precipitation
drops below ca. 100 mm, the forest has the potential to
become water-limited; (2) light – tree growth may be
limited by light availability when total insolation drops
below ca. 12 MJ.day–1; (3) soil fertility – higher fertility
soils might be expected to support higher forest produc-
tivity (in the absence of other climatic constraints),
although this is not yet clear from field studies.
Field strategy to date
In the first phase (2001-2002), clusters of plots have
been selected to span the full Amazon climate gradient.
Within each cluster we have prioritized old-growth plot
recensuses and attempted to sample the full edaphic
range, establishing new plots if existing plots have not
achieved this. The field expeditions to date have been:
1. Iquitos region, Peru (NW Amazonia); Jan-Apr 2001, 10 plots;
2. Noel Kempff National Park, – soil sampling at La Chonta – Bolivia
(SW); May-Jul 2001, 9 plots;
3. Jatun Sacha and Yasuni, Ecuador (NW); Jan-Feb 2002, 5 plots each;
4. Madre de Dios, Peru (SW);
5. Rondonia, Mato Grosso, Brazil (S).
Many of these sites may become long-term ecosystem
monitoring sites.
Issues raised in the establishment of the RAINFOR
Network
In attempting to construct this forest plot network, we
have confronted a number of methodological issues. The
major issues are outlined below. Some of these issues are
discussed in greater detail in Phillips et al. (2002), and the
field protocols are outlined in documents available at the
RAINFOR web site (http://www.geog.leeds.ac.uk/
projects/rainfor/). In this paper we will pay particular
attention to the issue of spatial and environmental cover-
age of Amazonia.
Issue 1: Protection of rights of data collectors
An important component of RAINFOR is the en-
couragement of discussion and data exchange between
researchers in different Amazonian countries. However,
whilst maximal exchange of data will be encouraged,
the rights of data ownership of the local field researchers
will be conscientiously protected at all times. We have
established an explicit participation agreement, which is
available at the RAINFOR website.
Issue 2: Common protocols for data collection
One of the primary difficulties in comparing forest
plot data from different sources is the different forest
sampling methodologies used. We sample biomass non-
destructively using measurements of tree-diameter and
height, and rely to some extent on allometric relation-
ships in the literature determined from destructive har-
vests. In our field studies we have not attempted to post-
correct previous data sets, but have tried to develop a
consistent forest plot sampling protocol. The protocol
describes the issues of plot shape, size, orientation, topog-
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raphy, seasonal timing of re-measurements, procedures
for tagging trees etc. A summary of all variables meas-
ured is given in Table 1.
A protocol was also established for soil and foliar
sampling. Soils are sampled from five cores within each
1 ha plot, at eight depths up 2 m depth. Furthermore, a
soil description to 2 m depth is carried out using a soil
pit, which is then cored up to 4 m depth. Leaves and
branches are sampled from the upper crown of 20 trees
in each plot, and at three different heights within the
canopy for a subset of trees.
Both the forest biomass and the soil and foliar sam-
pling protocols are available from the RAINFOR website.
Issue 3: Biases in site selection
One potential criticism of the use of forest sample
plots is that there may be a bias in site selection. For
example, foresters may favour particularly mature, gap-
free forest stands in which to locate their plots (the
‘majestic forest bias’), may favour accessible sites that
are vulnerable to fragmentation and edge-effects, or,
conversely, may favour immature forests recovering
from disturbance. The first two biases would be ex-
pected to lead to decreases in stand biomass over time,
the last to an increase in biomass. We test for these
biases by looking for auxiliary signatures that such
biases would cause. These tests are outlined in Table 2.
Descriptions of the results of these tests on forest plot
data are given in companion papers (Phillips et al. 2002;
Lewis et al in prep.). The tests indicated that the majority
of forest plot sites did not appear to be recovering from a
natural disturbance (for example, both turnover and basal
area were increasing). There may, however, may be a
slight bias towards majestic forest stands that would
result in a negative bias on basal area growth estimates.
Issue 4: Methodological errors in measurements
In addition to the potential problems caused by site
selection bias, there are a number of ways that the field
measurements and post-measurement data-checking may
bias the plot measurements. These biases may not nor-
mally be important in classical forestry studies of tree
growth and death, or of the recovery of forest stands
from disturbance, but in our search for shifts in the
structure and composition of old-growth forests it is
important to address this issue. In Tables 3 and 4 we
have listed a number of possible biases caused by field
methodologies. Each of these errors would leave a sig-
nature in the data, and in the final column we list tests
that can be performed to check for the presence of these
errors. The tests and their results are discussed in greater
detail in Phillips et al. (2002).
Table 2. Possible biases in site selection and additional signatures that should be visible in the data.
Issue Description Additional signatures
‘Majestic forest bias’ Biased selection of mature phase, gap-free sites in Decline in number of big trees with increasing time.
 the landscape (negative effect on basal area change) Mortality and recruitment increase with increasing
  time. Basal area correlates negatively with plot size
‘Progressive fragmentation and Biased selection of accessible sites vulnerable to Mortality correlates with increasing time. Mortality
  edge effects’   fragmentation and edge effects (negative   and negative changes in basal area correlate with
  effect on basal area change   fragment size and/or distance to edge
‘Immature forest bias’ Biased selection of successional forest; positive effect Stem density declines as basal area increases (‘self-
  on basal area change   thinning’)
Table 1. Variables to be determined at each site.
Forest structure parameters
Tree basal area, basal area growth and mortality, stem density, growth,
mortality and recruitment (≥ 10 cm diameter)
Liana basal area, basal area growth and mortality, stem density, growth,
mortality and recruitment (≥ 10 cm diameter)
Tree height (to derive plot level diameter/height relationships for accurate
modelling of tree-by-tree volumes and growth for each plot, and test
whether tree shape differs between stands in different environmental
conditions)
Species names where known unambiguously; in all cases of doubt voucher
collections are made
Leaf area index, from hemispherical photographs
Soil fertility parameters
pH; calcium, potassium, magnesium, sodium, cation exchange capacity
Nitrogen, as extractable ammonium and nitrate
Phosphorus (organic labile, organic non-labile, inorganic labile, inorganic
non-labile, microbial, available (Bray method), total)
Soil organic carbon (Loss on ignition at 420 ∞C)
Total C, and carbon isotopic signature (Mass spectrometer)
Soil physical properties
Moisture loss at 70 ∞C
Bulk density
Particle size fractions
Porosity
Soil profile description
Leaf properties
Specific leaf area
Concentrations of carbon, nitrogen, phosphorus, calcium, and magnesium,
in leaves and wood, at various canopy heights
Wood density for a subset of trees from selected species
Other measurements
Topographic survey of plots
Installation of automatic weather stations where possible
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Issue 5: Spatial and environmental coverage of the
study region
An idealized network and a practical strategy
As a guide to identifying the most important gaps in
our study, we first consider an ideal forest sampling
network. An idealized network would span the environ-
mental space (i.e. cover the range of climate regimes
and soil types), in a stratified random fashion, whilst
having sufficient spatial sampling density to cover sites
with similar environments in different geographical ar-
eas. These would tease out spatial effects, such as his-
torically determined phytogeographical patterns.
If there are F determining (independent) environ-
mental factors, each of which can be approximated into
S states; the minimum number of sites required to span
environmental space is SF. For example, if there are five
environmental factors to be investigated (for example,
rainfall seasonality, interannual rainfall variability, soil
phosphorus, soil nitrogen, soil texture), each of which
can be composed of three states (for example, low,
medium, high), we would require 243 (= 35) sites to
evenly span the environmental space. In reality, correla-
tion between different environmental factors (for exam-
ple, rainfall and soil fertility) reduces the number of
sites required, but also reduces the power to discrimi-
nate between factors.
In designing a real trans-Amazonian network, there
are a number of practical constraints on this idealized
distribution that need to be considered: (1) there is
incomplete a priori knowledge of the values of environ-
mental variables and prior human disturbance at the
study sites, and incomplete knowledge of their variation
across Amazonia; (2) existing plot locations are not
randomly located within each major environmental strata
across Amazonia; (3) much of the region is remote, and
there are logistical constraints on setting up and revisiting
remote sites; (4) there are differences in methodologies
Table 3. Methodological biases that may cause apparent decreases in total plot basal area.
Issue Description Additional signatures
The effect of the research on the sample plot: E.g. researchers compacting soil, tagging trees, Growth negatively correlated with time
  degradation of the forest plot   climbing and collecting trees, drawing attention Mortality positively correlated with time
  of others to plot, etc. Climbed or collected trees have depressed
  growth and elevated mortality
Infection rates of climbed/collected trees
  positively correlate with time
Incomplete recensusing New recruits may be missed, and some surviving Apparent sudden ‘recruitment’ of large trees
  trees may be missed and assumed dead (‘ghost
  mortality’)
Post-measurement data checking: Exceptional increments eliminated a priori Effect only on the latest census interval
  reducing extreme increments   or reduced in case measurement is in error   (since most trees discovered to have been
  rounded-down incorrectly previously will be
  corrected)
Table 4. Methodological biases that may cause apparent increases in total plot basal area.
Issue Description Additional signatures
The effect of the research on the sample plot: Increasing swelling around nail used to place Effect increases with time
  nail swelling   tag on tree No evidence of increase in recruitment
No evidence of researchers moving point of
   measurement
Field measurement errors: ‘Buttress creep’ Bole irregularities move up with time, becoming Effect increases with time
  more likely to affect point of measurement with Effect especially marked in trees with large
  increasing time   diameter
No evidence of increase in recruitment
No evidence of researchers moving point of
  measurement
Field measurement errors: ‘Basal area inflation’ Disproportionately rapid radial increment of buttr- Effect especially marked in trees with large
  esses;  bole irregularities will compound the over-   diameter
  estimation of [stand] biomass increase Effect increases with increasing time
  (Clark 2001, but see Phillips et al. 2002) Some trees with implausibly large diameters
Field measurement errors: ‘Rounding-up In evaluating changes in diameter, ‘false negatives’ Effect size small and diminishes with in-
  negative increments’   are rounded up to 0, but ‘false positives’ kept be-   creasing length of interval.
  cause they can not be distinguished from trees that No negative changes in researchers’ tree-by-
  have genuine increases in diameter   tree data sets
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(to assess biomass, to sample soils and plants, and to
identify species), and difficulties in scientific communi-
cations between research groups in different countries.
Whilst trying to approximate the idealized network
design, we focused initially on sites where existing
research groups have already collected data. These sites
have historical data (enabling analysis of change through
time), complementary scientific data (e.g. local rainfall
records, soil analysis, root biomass), enhanced pros-
pects of future security and local researchers interested
in maintaining studies. Where possible, the network will
help secure long-term support for these key monitoring
sites. We have then identified major gaps in environ-
mental space and geographical space that are not cov-
ered by PSPs (see below), and now aim to fill these gaps
with ‘snapshot’ transects, and the establishment of new
PSP sites in critical gaps.
Existing forest plot sites and their coverage of envi-
ronmental space
Table 5 describes a selection of the existing long-term
sites that are currently planned to be included in the
network. The list is not comprehensive and is still grow-
ing. Sites currently within RAINFOR are plotted in Fig.1.
The importance of logistical constraints is evident: most
sites cluster close to cities hosting research institutions.
The major plot clusters are:
(1) an Eastern Amazonian constellation close to the
Amazon river cities of Belém, Santarem and Manaus.
This relatively well-studied region is also a major re-
search focus of the wider LBA project. However, many of
the research sites are relatively similar, hosting tall forests
on old, nutrient-poor, well-drained soils in a moderately
seasonal climate occasionally subject to drought.
(2) a NW Amazonian constellation focused around
N Peru (Iquitos) and Ecuador, with some sites in Co-
lombia and Venezuela, covering a region with high
rainfall and little or no dry season.
(3) a SW Amazonian constellation around S Peru,
SW Brazil (Acre) and NE Bolivia, often sitting on richer
soil near the base of the Andes and on the Brazilian
crystalline shield and subject to a more seasonal rainfall
regime.
Fig. 3 shows how the sites span climatic space. Two
axes of environmental variability have been selected:
the mean length of the dry season (number of months
with < 100 mm of rain), and the interannual variability
(represented by the standard deviation of the length of
the dry season).
Fig. 3. How the forest plot network spans climatic space. A scatter plot of mean length of the dry season in months and annual
variation (standard deviation) in the length of the dry season. Each light grey point represents a 0.5o area of neotropical  forest. Solid
black circles indicate the location of RAINFOR forest plot sites.
446 Malhi, Y. et al.
T
ab
le
 5
. T
he
 R
A
IN
FO
R
 n
et
w
or
k.
 a
C
ou
nt
ry
: B
o,
 B
ol
iv
ia
; B
r,
 B
ra
zi
l; 
C
, C
ol
om
bi
a;
 E
, E
cu
ad
or
; P
, P
er
u;
 V
, V
en
ez
ue
la
. b
N
um
be
r o
f e
da
ph
ic
al
ly
 o
r g
eo
gr
ap
hi
ca
lly
 d
is
tin
ct
 s
ite
s 
w
ith
in
an
y 
on
e 
cl
us
te
r 
of
 p
lo
ts
. c
M
ea
n 
an
nu
al
 r
ai
nf
al
l c
al
cu
la
te
d 
fr
om
 U
E
A
 o
bs
er
ve
d 
cl
im
at
ol
og
y,
 a
pa
rt
 f
ro
m
 th
os
e 
m
ar
ke
d 
* d
er
iv
ed
 f
ro
m
 lo
ca
l d
at
a 
or
 e
st
im
at
ed
 f
ro
m
 S
om
br
oe
k 
(2
00
1)
.
d,
e D
ry
 s
ea
so
n 
de
fi
ne
d 
as
 m
on
th
s 
<
 1
00
 m
m
 ra
in
fa
ll.
 f S
oi
l f
er
til
ity
 a
nd
 d
ra
in
ag
e 
es
tim
at
ed
 fr
om
 S
om
br
oe
k 
(2
00
0)
, o
r l
oc
al
 in
fo
rm
at
io
n.
 F
er
til
ity
: H
, h
ig
h;
 M
, m
ed
iu
m
; L
, l
ow
. D
ra
in
ag
e:
G
, g
oo
d;
 A
, a
ve
ra
ge
; P
, p
oo
r.
 g
,h
St
em
 n
um
be
r 
an
d 
ba
sa
l a
re
a 
ca
lc
ul
at
ed
 f
or
 s
te
m
s 
≥ 
10
 c
m
 D
B
H
, p
er
 h
a,
 a
s 
m
ea
n 
of
 v
al
ue
s 
at
 s
ta
rt
 a
nd
 e
nd
 o
f 
m
ea
su
re
m
en
t p
er
io
d.
N
am
e
C
ty
a
S
ta
te
S
it
eb
L
oc
at
io
n
R
ai
nf
al
lc
D
ry
D
ry
S
oi
lf
A
re
a
Y
ea
r
#.
S
te
m
g
B
A
h
M
n 
tr
ee
P
ri
nc
ip
al
 in
ve
st
ig
at
or
s
In
st
it
ut
io
n
(d
eg
s,
 m
in
s)
se
as
on
d
se
as
on
e
ce
ns
us
es
B
A
N
o.
S
W
m
m
M
on
th
s
S
D
F
er
t
D
ra
in
H
a.
S
ta
rt
E
nd
N
o.
N
o.
m
2
cm
2
B
os
qu
e
B
o
B
en
i
3
15
.0
4
66
.3
3
21
10
4.
00
1.
29
L
G
26
19
95
19
97
2
51
3
25
.2
5
49
2
L
ea
no
, P
an
fi
l
B
O
L
F
O
R
C
hi
m
an
es
P
il
ón
 L
aj
as
B
o
B
en
i
2
c.
15
.0
0
c.
67
.0
0
25
59
*
5.
84
M
G
2
19
90
1
61
8
28
.5
0
46
1
K
il
le
en
M
B
G
B
O
L
F
O
R
B
o
Sa
nt
a 
C
ru
z
2
c.
15
.0
0
c.
62
.0
0
15
80
/1
87
0
5.
68
/4
.7
9
1.
73
/0
.9
2
L
G
35
.2
19
95
19
99
5/
2
39
7
20
.5
5
51
8
L
ea
no
, F
re
de
ri
ck
se
n
B
O
L
F
O
R
B
D
F
F
P
B
r
A
m
az
on
as
5
c.
2.
30
ca
 6
0
23
98
2.
27
1.
52
L
G
27
19
81
19
99
3-
5
60
7
28
.2
0
46
5
L
au
ra
nc
e
B
F
D
D
P,
 I
N
PA
B
IO
N
T
E
B
r
A
m
az
on
as
1
2.
38
60
.1
0
23
76
2.
37
1.
42
L
G
3
19
80
19
99
14
62
6
29
.7
3
47
5
H
ig
uc
hi
IN
PA
Ja
ca
ra
nd
a
B
r
A
m
az
on
as
2
2.
38
60
.1
0
23
76
2.
37
1.
42
L
G
10
19
96
20
00
2
58
3
27
.9
8
48
0
H
ig
uc
hi
IN
PA
F
az
en
da
 N
ov
a
B
r
A
cr
e
1
10
.0
7
69
.1
3
18
00
*
4.
32
*
0.
82
*
M
G
1
19
95
1
63
2
34
.1
6
54
1
S
il
ve
ir
a
U
B
O
li
nd
a
PA
R
N
A
B
r
A
cr
e
5
c.
8.
00
c.
73
.0
0
22
25
/2
32
6*
2.
16
/1
.6
8*
1.
21
/1
.2
9*
L
/M
G
5
19
96
19
99
1-
2
49
8
22
.1
8
44
5
S
il
ve
ir
a
U
B
R
E
S
E
X
B
r
A
cr
e
6
c.
10
.0
0
c.
70
.0
0
18
79
-1
98
8*
4.
37
-3
.4
2*
0.
76
-0
.8
4*
L
/M
G
6
19
91
20
00
1-
2
48
8
21
.3
8
43
8
S
il
ve
ir
a
U
B
R
io
 B
ra
nc
o
B
r
A
cr
e
1
10
.0
4
67
.3
7
19
00
*
4.
32
*
0.
82
*
M
G
1
19
99
1
S
el
ho
rs
t
F
U
A
C
ar
aj
as
B
r
P
ar
a
1
c.
6.
00
c.
51
.0
0
19
24
4.
37
1.
17
H
G
1
19
86
19
93
4
48
4
21
.5
9
44
6
S
al
am
ao
M
us
eu
 G
oe
ld
i
M
ar
ab
á
B
r
P
ar
a
3
5.
21
49
.0
4
20
59
4.
89
1.
10
H
G
6
19
88
19
95
4
52
5
27
.8
3
53
0
S
al
am
ao
M
us
eu
 G
oe
ld
i
M
oc
am
bo
B
r
P
ar
a
1
c.
1.
27
c.
48
.2
7
28
63
3.
26
1.
05
L
G
2
19
56
19
99
10
41
8
28
.3
5
67
8
S
al
am
ao
M
us
eu
 G
oe
ld
i
P
ei
xe
-B
oi
B
r
P
ar
a
1
c.
1.
00
c.
47
.3
0
28
93
3.
32
0.
96
L
G
3
19
91
19
99
4
43
9
23
.3
0
53
1
S
al
am
ao
M
us
eu
 G
oe
ld
i
T
ap
aj
os
 1
B
r
P
ar
a
1
2.
45
55
.0
0
20
67
4.
68
1.
80
L
G
3
19
83
19
95
4
27
.9
1
S
il
va
C
IF
O
R
T
ap
aj
os
 2
B
r
P
ar
a
1
2.
51
54
.5
7
20
67
4.
68
1.
80
L
G
4
19
99
1
46
0
27
.2
5
58
3
S
al
es
ka
, H
am
m
on
d-
P
yl
e,
 H
ut
yr
a,
H
U
/U
S
P
W
of
sy
, d
e 
C
am
ar
go
, V
ie
ir
a
T
ro
m
be
ta
s
B
r
P
ar
a
2
c.
1.
30
c.
56
.3
0
20
39
4.
05
1.
58
L
G
2
19
97
19
99
2
49
1
26
.3
0
53
6
S
al
am
ao
M
us
eu
 G
oe
ld
i
C
ax
iu
an
a 
1
B
r
P
ar
a
2
1.
42
51
.3
2
25
08
2.
84
1.
30
L
G
2
19
95
19
99
2
52
5
33
.7
3
64
2
A
lm
ei
da
M
us
eu
 G
oe
ld
i
C
ax
iu
an
a 
2
B
r
P
ar
a
2
1.
42
51
.3
2'
25
08
2.
84
1.
30
L
G
2
20
00
20
00
1
51
6
31
.5
9
61
2
A
lm
ei
da
M
us
eu
 G
oe
ld
i
S
. F
. d
o 
P
ar
a
B
r
P
ar
a
1
1.
04
47
.4
7
26
00
*
3.
42
*
0.
96
*
L
G
1
19
97
20
00
2
49
9
26
.2
6
52
6
V
ie
ir
a
M
us
eu
 G
oe
ld
i
V
iz
eu
B
r
P
ar
a
1
1.
53
46
.4
5
24
00
*
3.
42
*
0.
96
*
L
G
2
19
98
19
98
1
50
5
30
.3
7
60
1
V
ie
ir
a
M
us
eu
 G
oe
ld
i
A
m
ac
ay
ac
u
C
A
m
az
on
as
2
c.
3.
21
c.
70
.0
9
32
16
*
0.
89
L
G
2
19
92
1
61
0
33
.2
9
54
6
R
ud
as
U
N
C
Ja
tu
n 
S
ac
ha
E
N
ap
o
2
1.
04
77
.3
6
28
00
*
1.
21
1.
03
H
G
3
19
89
19
98
3
63
4
31
.5
9
49
8
N
ei
ll
M
B
G
Y
as
un
i 1
E
N
ap
o
1
0.
41
76
.2
4
30
80
*
0.
37
M
/H
P
-G
50
19
95
1
66
4
26
.7
40
2
V
al
en
ci
a
P
U
C
E
Y
as
un
i 2
E
N
ap
o
3
c.
0.
30
c.
76
.0
0
25
63
0.
37
M
/H
P
-G
15
19
97
1
P
it
m
an
D
U
A
ll
pa
hu
ay
o
P
L
or
et
o
2
3.
57
73
.2
5
28
45
0.
84
0.
83
L
/M
A
/G
1.
8
19
90
19
96
2
58
8
26
.5
4
45
1
P
hi
ll
ip
s,
V
as
qu
ez
U
L
/P
F
P
/I
IA
P
M
is
ha
na
P
L
or
et
o
1
3.
47
73
.3
0
28
99
0.
95
0.
97
L
A
1
19
83
19
90
2
82
3
29
.0
5
35
3
P
hi
ll
ip
s,
V
as
qu
ez
U
L
/P
F
P
S
uc
us
ar
i
P
L
or
et
o
2
3.
14
72
.5
4
28
36
0.
58
0.
84
M
A
2
19
92
19
96
2
60
9
28
.9
2
47
5
P
hi
ll
ip
s,
V
as
qu
ez
U
L
/P
F
P
Y
an
am
on
o
P
L
or
et
o
1
3.
26
72
.5
1
28
44
0.
68
0.
89
H
A
1
19
83
19
96
5
57
3
31
.4
2
54
8
P
hi
ll
ip
s,
V
as
qu
ez
U
L
/P
F
P
C
uz
co
P
M
ad
re
 d
e
4
12
.3
4
69
.0
8
24
51
*
3.
50
*
1.
20
*
H
P
/A
4
19
89
19
98
3
52
5
26
.4
0
50
3
P
hi
ll
ip
s,
V
as
qu
ez
, N
un
ez
U
L
/P
F
P
/U
N
S
A
A
C
A
m
az
on
ic
o
D
io
s
T
am
bo
pa
ta
P
M
ad
re
 d
e
6
12
.4
9
69
.4
3
22
48
*
4.
08
*
1.
44
*
L
-H
P
-G
5.
4
19
79
19
98
4-
7
59
0
28
.4
4
48
2
P
hi
ll
ip
s,
V
as
qu
ez
U
L
/P
F
P
D
io
s
S
an
 C
ar
lo
s
V
A
m
az
on
as
3
-1
.4
5
67
.0
0
31
74
0.
16
0.
37
L
A
/G
3.
25
19
75
19
86
2
87
4
29
.5
9
33
9
H
er
re
ra
IV
IC
, C
ar
ac
as
de
 R
io
 N
eg
ro
- An international network to monitor the structure, composition and dynamics of Amazonian forests - 447
This climatic information can be used to calculate
which regions are poorly covered by the PSPs for par-
ticular environmental variables. Using the example of
these length and variability of the dry season, the ap-
proach we have used is as follows:
1.Normalize each of the axes in Fig. 3 by subtracting
the mean value for all the tropical forest pixels, and
dividing by the standard deviation.
2.For each pixel, calculate the ‘standardized environ-
mental distance’, Di, from each of the forest plots on
each environmental axis i.
3.Use these values to locate the ‘closest’ forest plot
(in that environmental variable) to that plot.
4.For each pixel, plot the environmental distance of
the plot from the ‘nearest’ plot. Examples for the two
dry season variables are shown in Fig. 4a, b. For the
mean length of the dry season, the coverage of the plot
network is good for much of Amazonia, except at the
fringes, and to a lesser extent in an arc in central-west
Amazonia. In terms of interannual variability, the cov-
erage of the plot network is poorer, particularly in the
northwest Amazon, and in south-central Amazonia.
5.The two maps can be combined by repeating the
calculation of minimum environmental distance in two
dimensional space (using Pythagoras’ rule). The result
is shown in Fig 4c. In this combined variable space, the
poorest coverage is clearly in northwestern Amazonia,
and at the extreme dry fringes of Amazonia.
This approach can be used to prioritize new field-
work sites, and can be extended to include other envi-
ronmental factors such as soil properties.
Fig. 4. An example examination of how the RAINFOR plots
span two climatic axes, and determination of regions that are
poorly covered. The two variables considered in this analy-
sis are length of dry season, L, and variability of dry season
V. See text for details. a. Map of standardised environmen-
tal distance of each pixel from nearest forest plot on the L
axis; b. Map of standardised environmental distance of
each pixel nearest forest plot on V axis; c. Map of standard-
ised environmental distance of each pixel from nearest forest
plot in combined L-V space. Plot numbers as in Fig. 1.
a b
c
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Fig. 5. The relationship between the mean length of the dry
season in months and (a) the number of stems, ≥ 10 cm dbh,
per ha, (b) mean stem size, ≥10 cm dbh, (c) total basal area,
≥10 cm dbh, per ha. Mean dry season length and the standard
deviation of dry season length are calculated from the interpo-
lated precipitation data analysed by the University of Califor-
nia at Santa Barbara. Site classifications of soil fertility are
tentatively drawn from Sombroek (2000).  = low fertility
sites, ¥ = medium fertility sites, ● = high fertility sites.
Some early results
Fig. 5a-c shows some early results from the data so
far assembled. Results are still being collected and ana-
lysed, and these graphs should therefore only be taken as
an indication of the type of trans-Amazonian analyses
that will be possible when the data sets are fully checked
and compiled, when precipitation data are assembled, and
when soil samples have been analysed. Here we concen-
trate on simple stand characteristics (basal area and tree
stem density per ha). Future analyses will concentrate on
the more complex questions of forest dynamics (forest
growth and mortality rates, total above-ground produc-
tivity), and more rigorous multifactorial analytical tech-
niques will be applied when the data set has achieved the
disired degree of quality assurance.
Fig. 5a plots the stem density (no. of trees with DBH
≥ 10 cm.ha–1) against the mean length of dry season.
Each site is also labelled according to estimated soil
fertility (high, medium, low). There is a clear trend for
low fertility sites with the more aseasonal conditions
(dry season < 2 mo) to show higher stem densities. For
more seasonal sites stem density stays relatively fixed
between 400 and 700 stems per ha, though perhaps
begins to reduce again for the most seasonal sites. The
correlations of stem density with total rainfall or
interannual variability are weaker; mean dry season
length seems to be the best precipitation-based predic-
tor. It is unclear to what extent the trends are caused
directly by climatic factors, or by covarying soil fertil-
ity. Analysis of soil samples collected in 2001 and 2002
should help to refine and explain these patterns.
Fig. 5c plots basal area (cross-sectional area at 1.3 m
height of all stems ≥ 10 cm DBH) against mean length of
dry season. The basal area at most sites ranges between
25 and 35 m2.ha–1; this lower limit begins to break down
for some sites with dry seasons > 3 mo long. There is
little evidence of higher basal area at low seasonality
sites: although there are more trees per ha at these sites,
they are also smaller on average (Fig. 5b), and so total
basal area per ha therefore appears to be fairly conserva-
tive across Amazon precipitation regimes.
Conclusions and future directions
This paper has provided an overview of the trans-
Amazonian forest network, and some indications of the
type of results to be expected over the coming years.
This will be the first attempt to study tropical forest
dynamics at a continental scale. In addition to being a
compilation of field results, the network also hopes to
become a forum for discussion of a number of metho-
dological issues related to the correct use and inter-
pretation of PSPs. Issues that will need to be tackled
include:
1. Is there a bias (at local scale) in the sites which
researchers select for PSPs ? This can be examined by
employing the tests described in Table 1.
2. How vulnerable are forest dynamics to nearby defor-
estation? A number of the plots in eastern Amazonia
a
b
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are situated in large forest fragments, and others are
within landscapes that are becoming progressively dis-
turbed by, for example, selective logging.
3. What is the relationship between basal area and
above-ground and below-ground biomass ? Can empiri-
cal relations determined at one site be applied to other
sites?
4. What is the relationship between basal area growth,
total net primary production (NPP) and total photosyn-
thesis? This can be investigated at the intensive sites in
eastern Amazonia, where many complementary eco-
physiological measurements are being conducted as
part of LBA.
Once fully functioning, RAINFOR has the potential
to yield a vast amount of information and new under-
standing of the ecology, dynamics and biomass of the
world’s largest area of rain forest. However, its potential
lies not only in the science that can be done now, but also
in the long-term collaborations, connections and stand-
ardized protocols that will be discussed and developed
between researchers in all Amazonian countries. If suc-
cessful, these may allow the forests of Amazonia to be
monitored in a systematic and spatially coherent way for
decades to come. Fig. 6 shows how the number of forest
census sites has increased since 1950. Although some
sites have been lost to deforestation and degradation,
there are currently more than 40 sites being monitored
covering more than 100 ha in total. In addition, these
sites are only those currently known to the authors –
there are likely to be more that we hope to include in the
future, and within RAINFOR new plots may also be set
up in undersampled regions. Many of the existing PSPs
were initially censused in the 1980s and 1990s, and
although they are already yielding valuable scientific
information, their full potential will be realised if they
can be monitored for several more decades. Then they
will provide unique valuable information on the effects
of global change that are likely to sweep Amazonia over
the coming century (whether in the form of climate
change, biodiversity loss, fragmentation or CO2 fertili-
zation), and also on the feedback between Amazonia
and the global climate through its influence on the
carbon cycle. This is information that will be crucial to
the understanding and protection of this immense and
important ecosystem.
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